Purpose: To evaluate the relationship between the normal tissue complication probability (NTCP) of 3-dimensional (3-D) radiotherapy and the radiographic parameters of 2-dimensional (2-D) radiotherapy such as central lung distance (CLD) and maximal heart distance (MHD). Materials and Methods: We analyzed 110 patients who were treated with postoperative radiotherapy for breast cancer. A two-field tangential technique, a three-field technique, and the reverse hockey stick method were used. The radiation dose administered to whole breast or the chest wall was 50.4 Gy, whereas a 45 Gy was administered to the supraclavicular field. The NTCPs of the heart and lung were calculated by the modified Lyman model and the relative seriality model. Results: For all patients, the NTCPs of radiation-induced pneumonitis and cardiac mortality were 0.5% and 0.7%, respectively. The NTCP of radiation-induced pneumonitis was higher in patients treated with the reverse hockey stick method than in those treated by other two techniques (0.0%, 0.0%, 3.1%, p＜0.001). The NTCP of radiation-induced pneumonitis increased with CLD. The NTCP of cardiac mortality increased with MHD (R 2 =0.808). Conclusion: We found a close correlation between the NTCP of 3-D radiotherapy and 2-D radiographic parameters. Our results are useful to reanalyze the previous 2-D based clinical reports about breast radiation therapy complications as a viewpoint of NTCP.
Introduction
Postoperative radiation therapy (RT) can reduce the risk of local recurrence in patients with high-risk breast cancer. 1∼3) However, RT can lead to pneumonitis or cardiac toxicity.
Radiation-induced pneumonitis typically occurs 1 to 6 months after RT; the overall incidence of radiation-induced pneumonitis is approximately 1%. 4, 5) Although radiation-induced pneumonitis is considered to be a trivial issue in most cases of breast RT, it can be problematic in some patients with unfavorable anatomy and an inadequate radiation technique. 6, 7) Radiation-induced cardiac complications are very uncommon and most studies report no severe effects on morbidity or mortality. 8) As RT techniques have improved, the risks of radiation-induced pneumonitis and cardiac complication have declined. However, several reports indicate that RT increases the risk of cardiovascular disease and long-term mortality of patients with cancer involving the left breast. 9, 10) In particular, radiation-induced cardiac mortality can be fatal and may decrease the survival benefit of RT. Thus, it is essential to evaluate the risk of complications during RT planning. Recently, CT simulators and treatment planning systems have been used to plan RT and to calculate the relevant dose distributions in normal tissues. Using such dose-volume distri-bution data, researchers have developed several normal tissue complication probability (NTCP) models to predict the probability of complications in normal tissue. Many NTCP models, such as the Lyman model 11, 12) and the Relative Seriality model, 13, 14) have 15) for radiation-induced pneumonitis and pericarditis. The equivalent uniform dose (EUD) method was used for reducing the DVH curves to a single dose. The Relative Seriality model was used for calculation of the NTCP for late cardiac mortality. 13, 14) The Lyman-Kutcher-Burman (LKB) NTCP and
Relative Seriality models used in this study are briefly described below.
11∼14)
4. LKB NTCP model
Where TD50 is the 50% tolerance dose at 5 years; EUD is where D50=TD50 (=52.3 Gy); s is the relative seriality factor (=1), and γ is the maximum relative slope (=1.28).
NTCP according to the CLD and MHD
Twenty left-sided breast cancer patients, using the two-field (n=10) or three-field technique (n=10), were randomly selected from the group of 110 patients. We performed 2 virtual simulations for each patient (2 cm and 3 cm of the CLD). In each plan, we calculated the NTCP of radiation-induced pneumonitis and cardiac toxicity as described above. We evaluated the change in NTCP values of radiation-induced pneumonitis between 2 cm and 3 cm of the CLD. For evaluating the change in NTCP by the MHD, we also measured the MHD in every treatment plan (Fig. 3) .
Statistical analysis
Statistical analysis was performed using the SPSS ver. 12.0 (SPSS Inc., Chicago, IL, USA). The one-way ANOVA method or the t-test were used for comparing mean of NTCP, whereas the paired t-test was used for studying the change of NTCP according to the CLD, respectively.
Results

NTCP by radiation technique
Considering both lungs as a single organ, the mean NTCP of pneumonitis for all the patients was calculated to be 0.5%.
According to the radiation technique, the mean NTCP was 0.0% in the 2-and 3-field radiation techniques and 3.1% in the reverse hockey stick method. Considering the ipsilateral lung as a single organ, the mean NTCPs of radiation-induced pneumonitis were 0.1%, 4.5%, and 6.4% for the 2-field, 3-field, and reverse hockey stick methods, respectively. There was a statistically significant difference in the NTCP between the radiation techniques (p＜0.001). By applying the Lyman model, the mean NTCP of pericarditis was 0% for all the radiation techniques. However, when the Relative Seriality model was used to calculate the NTCP of late cardiac mortality, the mean NTCP for all the patients was 0.7%.
According to the radiation technique, the mean NTCPs of cardiac mortality were 0.0%, 0.7%, and 1.3% in the 2-field, 
NTCP by laterality
We compared the NTCP of patients with right-and left-sided breast cancer. The mean NTCPs of radiation-induced pneumonitis, considering both lungs as a single organ, were 0.8% for right-sided cancer patients and 0.2% for left-sided cancer patients (p=0.08). The mean NTCPs of the ipsilateral lung were 5.7% for right-sided breast cancer patients and 7.0% for left-sided breast cancer patients (p=0.97). The NTCPs of pericarditis was 0% for all of the patients, regardless of laterality. The NTCP of cardiac mortality in left-sided breast cancer patients was 1.4%, which is significantly higher than the value for right-sided breast cancer patients (0.0%, p＜0.001) ( Table 2 ).
NTCP of radiation-induced pneumonitis by the central lung distance
There was no significant difference in the NTCP of radiation-induced pneumonitis by changing the CLD when considering both lungs as a single organ. The NTCP values were close to 0.0% for the 2 cm and 3 cm CLD. However, the NTCP in the ipsilateral lung revealed a significant difference as the CLD increased from 2 cm to 3 cm (3.7% vs.
14.5%, p＜0.001) ( Table 3) . Upon changing the CLD, there were negligible changes in the NTCP of patients treated by the 2-field method; however, there was a significant increase in the NTCP in the 3-field method (Fig. 4) . Discussion and Conclusion
NTCP of radiation-induced pneumonitis and RT technique
Several studies have reported that the incidence of radiation-induced pneumonitis is 1∼2%, 4, 5, 17, 18) which is similar to our NTCP results (0.5% for all of the patients). Our results showed that the NTCP varies according to the radiation technique. Specifically, the reverse hockey stick method had a higher NTCP than the 2-or 3-field methods (Table 1) . It is thought that this effect is due to the presence of the anterior electron field, which elevates radiation dose in lung parenchyma that lies beneath the chest wall. Pierce et al. 19) compared the NTCP of radiation-induced pneumonitis according to radiation technique; the calculated the NTCP for the reverse hockey stick method was 4.98%, which was higher than the value for the standard 2-field method (0.37%). However, in this study, the reverse hockey stick method treatment was done by 2-D simulation and the lung dose was evaluated not for the treatment but for this investigation. So, the high NTCP values of the reverse hockey stick method in this study, may be biased by the inappropriate dose prescription of 2-D RT.
When we compared the NTCPs of the 2-and 3-field techniques, we found that the NTCP was higher in the 3-field technique. Lingos et al. 18) reported a higher incidence rate of radiation-induced pneumonitis in a technique that used a supraclavicular field and Das et al. 4) showed that the incidence rates of radiation-induced pneumonitis in the 2-and 3-field methods were 0.1% and 1.5%, respectively. These results are consistent with our NTCP calculations, suggesting that the LKB NTCP model with a reference parameter set 20) may be useful for predicting radiation-induced pneumonitis.
NTCP of radiation-induced pneumonitis and the central lung distance
It is well known that the volume of an irradiated lung is the most important risk factor for radiation-induced pneumonitis. 21, 22) The CLD has been used as a simple parameter to assess irradiated lung volume (Fig. 3) . In the NTCP model, an increase of the CLD from 2 cm to 3 cm resulted in an overall increase in the NTCP, especially for the ipsilateral lung ( Fig.   4 and Table 3 ). The increase was significant for the 3-field method, but minimal in the 2-field method. These results suggest that the probability of pneumonitis in the 3-field method is more dependent on the CLD, presumably because the supraclavicular field in the 3-field method increases the irradiated lung volume. Therefore, radiation-induced pneumonitis is less likely when the CLD is kept as small as possible. However, the difference of these NTCPs may be insignificant in clinical settings because radiation-induced pneumonitis in the lung apex is typically asymptomatic.
NTCP of cardiac complication
Pericarditis is the most common complication caused by RT, but is rarely caused by RT for breast cancer. This is because the heart has a relatively high tolerance and the irradiated volume is very low in breast RT.
15)
However, radiation-induced cardiac mortality can occur in breast cancer RT and this can offset the advantages of adjuvant RT. There has been much debate about whether RT for breast cancer increases the risk of cardiac events, such as myocardial infarction. 1,2,8,10,23∼25) In our study, the mean NTCP of cardiac mortality ranged from 0∼1.3% and there was no difference regarding the applied radiation technique ( Table 1 ).
The NTCP of mortality for left-sided RT was significantly higher than right-sided RT (Table 2 ). This is similar to the results of Paszat et al., 10) who reported a significantly higher incidence of myocardial infarction following left-sided RT (right vs. left, 1% vs. 2%, p=0.02). The MHD is a simple radiographic parameter that provides a measure of the irradiated heart volume for each patient.
Hurkmans et al. 27) predicted the NTCP of cardiac mortality using the Relative Seriality model, and suggested a cardiac mortality curve and an equation based on the MHD. We also performed a planning study from 20 left-sided breast cancer patients by adjusting the MHD. When we plotted the NTCP curve and fitted an equation, these were similar to that of Hurkmans et al. 27) (Fig. 5) . On this curve, the NTCPs of cardiac mortality of 1% and 2% are predicted at the MHDs of 
